Three fluorescent probes (1-3) for the selective and sensitive detection of hydrogen sulfide have been synthesized and characterized. Probe 1 is a coumarin derivative functionalized with an azide moiety whereas 2 contain the azide reactive group into a naphthalene fluorophore backbone. Probe 3 is composed also by a naphthalene fluorophore but, in this case, functionalized with a sulfonylazide reactive moiety. Probes 1 and 3 are non-fluorescent whereas 2 is weakly emissive in HEPES (10 mM, pH 7.4)-DMSO 99:1 v/v. The emission behavior of the three probes was tested against selected anions, bio-thiols and oxidant molecules. Of all the chemical species tested, only HS -is able to induce an enhancement in the emission intensity (50, 11 and 20-fold for 1, 2 and 3 respectively). The observed emission in the presence of hydrogen sulfide is ascribed, in the case of probes 1 and 2, to an azide-amine reduction induced by HS -anion, whereas for probe 3 the sensing mechanism is related with a sulfonylazide-sulfonamide conversion. The three probes are very sensitive to HS -anion with limits of detection of 0.17, 0.20 and 0.40 mM for 1, 2 and 3 respectively. Cell viability studies demonstrated that 1-3 probes are essentially non-toxic at concentrations 10-50 M and are well suited for in vivo studies. Finally, probe 1 was used for the detection on intracellular HS -anion in HeLa cells by means of confocal microscopy.
Introduction
Hydrogen sulfide (H 2 S), along with CO and NO, has been recognized as one of the three known endogenous gasotransmitters involved in many physiological processes of biological systems, [1] such as cardiovascular, central nervous, respiratory, gastrointestinal and endocrine systems. Previously, NO has been successfully detected with suitable fluorophores for their fast and real-time determination in cells. [2] For quite a long time, it was difficult to accurately and selectively detect H 2 S without interruption by other reactive sulfur species, such as thiols, sulfenic acids and sulfites. H 2 S may interact with downstream proteins by post-translational cysteine sulfhydration [3] and binding to iron centers, [4] which regulates various physiological processes including ischemia reperfusion injury [5] vasodilation, [6] apoptosis, [7] angiogenesis, [8] neuromodulation, [9] inflammation [10] and insulin signaling. [11] Hydrogen sulfide's exact mechanisms of action are still under active investigation. Some chemical and biochemical catabolic reactions of H 2 S have been reported. For example, H 2 S can react readily with methemoglobin to form sulfhemoglobin, which act as the metabolic sink for H 2 S. As a potential reductant, H 2 S is likely to be consumed by endogenous oxidant species such as hydrogen peroxide, superoxide, peroxynitrite, etc. This process is potentially significant because it provides a possible mechanism by which H 2 S changes the functions of a wide range of cellular proteins and enzymes. However, abnormal levels of H 2 S are associated with various diseases such as Alzheimer [12] and Down syndrome. [13] H 2 S is highly diffusible and reactive, so it is difficult to follow. Colorimetric, [14] electrochemical, [15] and chromatographic assays [16] are available to measure H 2 S in blood plasma and homogenized tissues, but they often require sample processing and do not provide much spatial and temporal information on H 2 S concentrations and distribution in living cells and organisms.
By contrast, fluorescence imaging provides a tractive technique for biomolecules studding in living cells. As known, H 2 S is a reductant as well as nucleophilic specie, which can specially react with some fluorogenic signaling subunits containing selected functional groups. Recently, several research groups have made great efforts toward the preparation of fluorogenic probes for the detection of hydrogen sulfide in blood and in cells.
[17] These probes are constructed bearing in mind the reactivity of the HS -anion. In particular, reduction, hydrolysis, nucleophilic additions and demetallation processes has been used as triggers for obtaining a fluorescent response for this anion.
For instance, very recently, several examples of non-emissive Cu(II) complexes were used for the fluorogenic recognition of hydrogen sulfide.
[18] This anion is able to induce demetallation with the subsequent regeneration of fluorescent receptors. Michael-type additions [19] and hydrolysis of disulfide bonds [20] and 2,4-dinitropneylethers [21] has also been extensively used in the development of fluorescent probes for hydrogen sulfide. However, probably, the type of reactions most used for the design of fluorogenic probes for hydrogen sulfide are reductions. In this context reductions of nitro, hydroxylamine and azide functional groups hy hydrogen sulfide have been selected due to their short reaction times, high yields and because usually can be carried out in water or in mixed aqueous environments.
[22] Among these reactions, the azide-amine reductions are perhaps the most used and several examples of probes based on this reaction have been developed. At this respect, in a pioneering work, Chang and co-workers prepared two weakly emissive rhodamine derivatives bearing azide moieties that yielded the correspondent fluorescent amines upon addition of HS -anion. [22a] The authors also demonstrated that both probes are able to detect intracellular HS-anions in HEK293T cells using confocal microscopy. Wang and co-workers used a similar approach and prepared a dansyl sulfonylazide derivative that yielded a highly emissive dansyl sulfonamide upon reaction with HS -.
[22b] Cho and co-workers extended the fluorescent recognition of HS -anion to the use of two-photon probes.
[22c] Authors prepared a 7-(benzo[d]thiazol-2-yl)-9,9-(2-methoxyethoxy)ethyl-9H-fluorene functionalized with an azide moiety. This probe has been used for the detection of HS -in vitro, in HeLa cells and in a rat hippocampal slice at a depth of 90-190 m by using two-photon microscopy. A reduction reaction coupled with an intramolecular substitution was used by Han and co-workers for the preparation of a highly selective HS -fluorescent probe.
[22d] In particular, 7-o-2'-(azidomethyl)benzoyl-4-methylcoumarin was prepared and the reduction of the azide to amine (induced by HS -) triggered the generation of fluorescent 7-hydroxy-4-methylcoumarin fragment. Finally, also fluorescent proteins were recently modified with azide moieties and used for the fluorogenic detection of HS -in HeLa cells.
[22e]
Scheme 1. Synthesis and chemical structure of probes 1-3.
Taking into account the above mentioned examples, and bearing in mind our interest in the preparation of chemodosimeters for the chromo-fluorogenic detection of anions with environmental or biological significance, [23] here we present the synthesis, characterization and sensing features of three new molecular probes (1-3) for HS -detection. Probes 1 and 2 are azide derivatives of coumarin and naphthalene fluorophores whereas 3 is 2-sulfonylazidonaphthalene. The three probes are nearly non-fluorescent in aqueous environments and, upon addition of HS -anion, an emission was developed. The selectivity of the three probes is remarkable and other anions, bio-thiols and oxidants are unable to induce emission changes in 1-3. The probes showed remarkable limits of detection in the 0.1-0.4 M range and can be used for the fluorescence detection of both exogenous and endogenous HS -in cells.
Results and Discussion
The fluorogenic probes: Three fluorogenic probes, 1, 2 and 3 have been prepared by conventional synthetic procedures (see Scheme 1). Probes 1 and 2 were obtained through an aromatic nucleophilic substitution from 7-amino-4-(trifluoromethyl)coumarin (1a) and 4-amino-1-naphthalenesulfonic acid (1b) respectively. In a first step, 1a and 2a were reacted with sodium nitrite in acidic media yielding the corresponding diazonium salts. These salts were not isolated and were converted to 1 and 2 by reaction with sodium azide. Probe 3 was easily obtained by direct reaction of 2-naphthalenesulfonyl chloride (3a) with sodium azide. The final probes were characterized by 1 H, 13 C-NMR and HRMS (see experimental section for details).
1 H-NMR spectra of probe 1 is characterized by the presence of one singlet centered at 7.00 ppm ascribed to the ethylene proton neighboring to the carbonyl group of the lactonic ring. Also, one characteristic signal is the sharp doublet centered at 7.34 ppm attributed to the proton located between the azide moiety and the oxygen atom of the lactone ring. Moreover, the IR spectra of 1 showed the typical strong band of the azide stretching at 2117 cm -1 . Dealing with probe 2, the most characteristic signals in the 1 H-NMR spectra are two doublets centered at 8.03 and 8.85 ppm that are ascribed to the protons located near the azide and sulfonic acid moieties respectively. Also for probe 2 the stretching band of the azide moiety is observed at 2128 cm -1 . Finally, the more characteristic signals of probe 3 are a singlet centered at 8.55 ppm and two doublets centered at 7.97 and 7.90 ppm that were ascribed to the aromatic ring containing the sulfonyl azide moiety (stretching at 2131 cm -1 ). 
Hydrogen sulfide recognition:
The three synthesized probes are composed by a fluorophore directly linked with an azide moiety (probes 1 and 2) or functionalized with a sulfonyl azide functional group (probe 3). It is well documented the ability of hydrogen sulfide to reduce azide groups to amines. [24] In addition when azides are coupled with a fluorophore, the difference in the electronic properties of this moiety and the amino group is expected to trigger the emission properties of the fluorophore with the subsequent recognition of hydrogen sulfide anion. In fact this simple sensing mechanism has been used, very recently, in the preparation of selective and sensitive probes for HS -anion in water and in cellular media.
[22] For these probes the selectivity observed is high due to the fact that reduction of an azide to the correspondent amine by hydrogen sulfide is faster than that observed when GSH and Cys are used. This is a consequence of the small size and lower pK a (6.9) of the hydrogen sulfide when compared to GSH and Cys (pK a values about 8.5). [25] In a first step, the sensing features of the three synthesized probes 1-3 was evaluated in the presence of selected anions ) and thiol-containing biomolecules (lipoic acid, Cys, MeCys, Hcy and GSH) in HEPES (10 mM, pH 7.4)-DMSO 99:1 v/v. Probes 1 and 3 are nearly non-fluorescent whereas 2 showed a very weak emission band centered at 420. As a general trend, Figure 1 shows how addition of HS -to 1-3 induced a significant fluorescent "turn-on" response, whereas addition of the other anions, oxidants and biothiols induced negligible changes in the emission. Once assessed the selectivity of the three probes toward HS -, in a second step, sensitivity studies were carried out. Addition of increasing quantities of HS -anion to HEPES (10 mM, pH 7.4)-DMSO 99:1 v/v solution of probe 1 (5 M) induced a progressive enhancement in the emission centered at 496 nm (see Figure 2) . From the titration profile a limit of detection (LOD) of 0.17 M for HS -was determined. Similar titration experiments with 2 allowed to determine a LOD of 0.20 M (see Figure 3) , whereas LOD calculated for 3 was 0.40 M. The low limits of detection determined for the three probes suggested that these could be used to detect HS -in cells as the LOD are below the hydrogen sulfide concentration required to elicit physiological responses (10-1000 M).
[26] The selective emission enhancements observed for 1-3 probes was ascribed to an HS -induced reduction of the azide moieties presented in the chemical structure of the three dosimeters (see Scheme 1). The stoichiometry of the reaction between probes 1-3 and HS -anion is 1:1, confirmed by the corresponding Job's plots. As an example, Figure 4 showed the Job's plot obtained for probe 2 and HS -anion. These hydrolysis reactions yielded the correspondent highly fluorescent amines 1b and 2b (in the case of probes 1 and 2) and sulfonamide 3b (in the case of probe 3). The hydrogen sulfideinduced azide-amine reduction as a mechanism of the fluorescence response observed has been corroborated by the isolation of 1b, 2b and 3b after the reaction of the probes with Na 2 S. In a typical experiment, probes 1-3 were dissolved in ethanol and then an excess of Na 2 S was added. The mixtures were stirred at room temperature for 1 h. Then the ethanol was eliminated in a rotary evaporator and the crudes obtained were purified by silica column chromatography. 
[2] / ([2]+[HS -])
13 C of the final products were coincident with that of 1b, 2b and 3b amines. Besides, the hydrogen sulfide-induced azideamine reduction was corroborated by 1 H-NMR titration measurements. At this respect, DMSO-D6 solutions of probe 1 showed the protons of the aromatic ring containing the azide moiety centered at 7.71 (Ha), 7.34 (Hc) and 7.23 (Hb) (see Figure 5 for proton assignation). Addition of increasing quantities of HS -anion induced a progressive upfield shift of the three protons (see also Figure 5 ) that would be clearly ascribed to the reduction of the electron withdrawing azide group to an electron donor amine moiety. The time dependent fluorescence enhancement of the three probes (5 M) upon addition of HS -anion (50 M) was studied. The obtained results are depicted in Figure 6 . As could be seen, for the three probes, the emission intensity increased gradually with time until ca. 50 minutes. At this time nearly constant emission intensity was observed indicative of the complete reduction of the azide moiety. 
() and 3 ()).
Also, the emission behavior of the three probes in the absence and in the presence of HS -anion at different pH was also studied. The weak (for 2) or negligible (for 1 and 3) emission remained unchanged in the 3-9 pH range. In the presence of HS -anion (50 M), the emission intensity of the probes (5 M) did not change in the 3-5 pH range, whereas the maximum intensity was observed at pH from 7 to 9 (see Figure 7) . This is an expected result bearing in mind the fact that below pH 7.0 hydrogen sulfide is in the H 2 S form (the pK a is 6.9) which is unable to promote the azide-amine reduction. 
Cell viability studies:
The selective and sensitive emission enhancements observed for the three probes in the presence of HS -anion and the absence of any modulation of the fluorescence upon addition of GSH, Cys and Hcy strongly suggest that 1-3 can be used for HS -detection and imaging in living cells. Based on these observations, the cytotoxicity of 1-3 was first evaluated. For this purpose HeLa cells were treated with the three probes at different concentrations (10, 20, 30 and 50 M) over a 24-hour period and cell viability was determined by a WST-1 assay. The obtained results are shown in Figure 8 . As seen, the three probes are essentially non-toxic in the range of concentrations tested.
Detection of HS -in HeLa cells:
Once assessed the biocompatibility of the prepared probes, and with the aim to test the probes in highly competitive environments, we prospectively used probe 1 for the fluorescence imaging of sulfide in living cells. In a typical experiment, HeLa cells were incubated in DMEM supplemented with 10% fetal bovine serum. To conduct fluorescence microscopy studies, HeLa cells were seeded in 24 mm glass coverslips in 6-well plates and were allowed to settle for 24 h. Cells were treated with probe 1, in PBS-DMSO 99:1 v/v, at final concentrations of 50 μM. After 30 minutes, the medium was removed and solutions of different concentrations of NaHS in PBS were added (0, 100, 200 and 500 μM) and cells were incubated for another 30-minute period. The result is shown in Figure 9 . The control experiment (HeLa cells without dosimeters) and the cells incubated with 1 showed no fluorescence, whereas a marked enhancement in intracellular emission was observed in the HS --treated cells. The emission enhancement observed is clearly dependent of the amount of NaHS added. The enhancement in the intracellular fluorescence intensity with 1 was quantified by a standard image analysis and the results are shown in Figure 10 . All, the above mentioned facts clearly indicated the possible use of probe 1 to detect hydrogen sulfide in complex media. 
Conclusions
In summary, we have synthesized three chemodosimeters (1-3) as fluorescence turn-on H 2 S probes. HEPES (10 mM, pH 7.4)-DMSO 99:1 v/v solutions of the three probes are practically non-fluorescent and only the addition of HS -anion induced remarkable emission enhancements. The emission enhancements observed are due to a selective sulfide-induced reduction of azide and sulfonylazide to amine (yielding 1b and 2b) and sulfonamide (yielding 3b) moieties. Probes 1-3 can selectively and sensitively detect HS -anion in water over other anions, biothiols and common oxidants. The titration profiles obtained upon addition of increasing quantities of HS -anion to aqueous solutions of the three dosimeters allowed us to determine limits of detection of 0.17, 0.20 and 0.40 M for 1, 2 and 3, respectively. Besides the three probes showed remarkably low sensitivities below the hydrogen sulfide concentration required to elicit physiological responses (10-1000 M) . Cell viability assays showed that 1-3 probes are essentially non-toxic in the 10-50 M range. Moreover, real-time fluorescence imaging measurements have confirmed that probe 1 can be used to detect intracellular HS -at micromolar concentrations.
Experimental Section
Materials and methods: UV-visible spectra were recorded with a JASCO V-650 Spectrophotometer. Fluorescence measurements were carried out in a JASCO FP-8500 Spectrophotometer. 1H and 13C-NMR spectra were acquired in a BRUKER ADVANCE III (400 MHZ), where mass spectra were carried out in a TRIPLETOF T5600 (ABSciex, USA) spectrometer, IR in BRUKER TENSOR 27. The chemicals 7-amino-4-(trifluoromethyl)coumarin, 4-amino-1-naphthalenesulfonic acid, 2-naphthalenesulfonyl chloride, sodium bicarbonate, sodium azide and sodium nitrite were purchased from Sigma-Aldrich. Hydrochloric acid (37%) and sulfuric acid (95%) were purchased from Scharlau (Barcelona, Spain).
Ssynthesis of probes 1 and 2: 7-Amino-4-(trifluoromethyl)coumarin (1a) or 4-amino-1-naphthalenesulfonic acid (1b) (0.22 mmol) were dissolved in 3.6 M H 2 SO 4 (500 L) and then cooled to 2 ºC with an ice bath. After that, an aqueous solution of NaNO 2 (0.66 M, 1 mL, 0.66 mmol) was added dropwise over 10 minutes period. Then, NaN 3 aqueous solution (1.2 mL, 1.32 mmol) was added dropwise during 10 minutes and the reaction crude was stirred at 2 ºC for an additional 40 minutes. Finally, the crude reaction was quenched by addition of concentrated NH 4 OH (0.5 mL) and the final products (1 and 2) precipitated as white solids. The final probes were crystalized from ethanol (1: 53.6 mg, 0.21 mmol, 95% yield; 2: 30.2 mg, 0.12 mmol, 55% yield). 1: 1 H NMR (400 MHz, DMSO) δ 7.71 (dd, J = 8.7, J = 1.0, 1H), 7.34 (d, J = 2.3 Hz, 1H), 7.23 (dd, J = 8.7, 2.3 Hz, 1H), 7.00 (br s, 1H). 13 C NMR (101 MHz, DMSO) δ 158. 3, 155.0, 144.7, 126.3, 116.6, 115.7, 113.0, 112.9, 110 3, 155.0, 144.7, 126.3, 116.6, 115.8, 113.0, 110 Synthesis of probe 3: 2-naphthalenesulfonyl chloride (3a, 1 g, 4.4 mmol) was dissolved in acetone (20 mL) and then an aqueous solution of NaN 3 (860 mg, 13.2 mmol, 4 mL) was added dropwise during 15 minutes. Afterwards, the crude reaction was stirred at room temperature for 24 hours. Then, acetone was eliminated using a reotary evaporator and the formed solid washed with water and with an aqueous solution of Na 2 S 2 O 5 (670 mg, 2.9 mmol, 65% yield).
1 H NMR (400 MHz, CDCl 3 ) δ 8.55 (d, J = 1.5 Hz, 1H), 8.04 (t, J = 9.0 Hz, 2H), 7.97 (d, J = 8.4 Hz, 1H), 7.90 (dd, J = 8.7, 2.0 Hz, 1H), 2H) . 13 C NMR (101 MHz, CDCl 3 ) δ 135. 8, 135.4, 132.1, 130.4, 130.1, 129.71, 128.3, 122 .0. HRMS-EI m/z: calcd for C 10 H 7 N 3 O 2 S 233.0259; found: 234.0243 (M+H + ).
Cell culture conditions:
The HeLa human cervix adenocarcinoma cells were purchased from the German Resource Centre for Biological Materials (DSMZ) and were grown in DEM supplemented with 10% FBS. Cells were maintained at 37 ºC in an atmosphere of 5% CO 2 and 95% air ad underwent passage twice in a week.
WST-1 cell viability assays: Cells were cultured in sterile 96-well microtiter plates at a seeding density of 2.5 x 10 3 cells/well for HeLa and were allowed to settle for 24 h. Probes 1, 2 and 3 were added to the cells at a final concentrations of 10, 20, 30 and 50 M. After 23 h, WST-1 (7 L of a 50 mg/ml solution) was added to each well. Cells were further incubated for 1 h (a total of 24 h of incubation was therefore studied). Then shaked thoroughly for 1 minute on a shaker and the absorbance was measured at 450 nm against a background control as blank using a microplate ELISA reader. The reference wavelength is 690 nm.
Live confocal microscopy: Hela cells were seeded in 24 mm glass coverslips in 6-well microtiter plates at a seeding density of 10 -5 cells/well. After 24 hours, cells were treated with probe 1 at a final concentration of 50 μM. After 30 minutes, the medium was removed to eliminate probe 1 and washed with PBS. Then a solution of Na 2 S in PBS was added at a final concentrations of 0, 100, 200, 500 μM and cells were incubated during 30 minutes at 37 ºC. After that, slides were washed twice with PBS to remove traces of the probe. Then slides were visualized under a confocal. Confocal microscopy studies were performed by Confocal Microscopy Service (CIPF). The images were acquired with a Leica TCS SP2 AOBS (Leica Microsystems Heidelberg GmbH, Mannheim, Germany) inverted laser scanning confocal microscope using oil objectives: 63X Plan-Apochromat-Lambda Blue 1.4 N.A. The excitation wavelength was 488 nm (argon laser). Two-dimensional pseudo colour images (255 colour levels) were gathered with a size of 1024 x 1024 pixels and Airy 1 pinhole diameter. All confocal images were acquired using the same settings and the distribution of fluorescence was analyzed using the Image J Software. Identical experiments were done three times to obtain reproducible results.
